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Abstract
The use of coal in combustion systems has been increased each day, because mainly
depletion of petroleum and gas reserves, add the fact that coal is the most abundant world’s
fossil fuel. Fluidized bed combustion allows clean and efficient combustion of various solid
fuels and models to describe the behavior of this equipment have already been proposed.
This work aims to simulate the fluid dynamics of a fluidized bed combustor using the kinetic
theory to consider the energy of particles fluctuation coupled with the kinetics of coal
combustion in order to investigate the behavior of gas-solid phases. The present model
consists of describing the phenomena that take place within an industrial scale reactor based
on fluidized bed technology. The model is constructed based on transport equations of
momentum, energy and chemical species of gas and pulverized phases. The PDE’s are
solved based on the finite volume method and appropriated boundary and initial conditions
are selected to represent the industrial operational conditions. The rate equations of coal
combustion are modeled by semi-empirical correlations found in the literature. Technological
parameters such as productivity, combustibility and outlet gas composition and calorific
values can be predicted by the model. The model is used to investigate bed instabilities such
as bubbles formation and densification. Simulation results indicated that the model is in good
agreement for simple system of isothermal fluidizations as demonstrated previously.
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MODELAMENTO DA COMBUSTAO DE CARVAO EM LEITO FLUIDIZADO PARA
GERAGAO DE ENERGIA

Resumo
O uso do carvao em sistemas de combustdo tem aumentado a cada dia, porque as reservas de gas e
petréleo tém sofrido deple¢cdo, soma se a isto o fato do carvdo ser o combustivel fossil mais
abundante do mundo. Combustores de leito fluidizado permitem uma combustao eficiente e limpa de
varios combustiveis sélidos e modelos para descrever o comportamento deste equipamento tém sido
propostos. Este trabalho objetiva simular a fluidodindmica de um combustor de leito fluidizado
utilizando a teoria cinética para considerar a energia de flutuacdo das particulas acopladas a cinética
da combustdo de carvdo com o intuito de investigar o comportamento das fases gas-solido. O
presente modelo consiste em descrever os fenbmenos que ocorrem dentro de um reator em escala
industrial baseado na tecnologia de leito fluidizado. O modelo é construido com base nas equagdes
de transporte de momentum, energia e espécies quimicas das fases gasosas e pulverizadas. As
equacbes diferenciais parciais sao resolvidas utilizando o método de volumes finitos com condigdes
iniciais e de contorno apropriadas, que sao selecionadas para representar as condigbes operacionais
industriais. As taxas de combustdo sdo modeladas a partir de correlagdes semi-empiricas
encontradas na literatura. Par&metros tecnoldgicos tais como produtividade, combustibilidade e
composicdo do gas de saida sdo previstos pelo modelo. O modelo utilizado também investiga
instabilidades no leito como a formacao de bolhas e densificagcdo. Os resultados da simulagao
mostram que o modelo esta de acordo com sistemas simples de fluidizagcéo isotérmica.
Palavras-chave: Leito fluidizado; Escoamento multifasico; Modelamento matematico; Combustao de
carvao.
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1 INTRODUCTION

The use of coal in combustion systems has been increased each day, because mainly
depletion of petroleum and gas reserves, add the fact that coal is the most abundant
world’s fossil fuel." Fluidized bed combustion allows clean and efficient combustion of
various solid fuels and models to describe the behavior of this equipment have already
been proposed.(z) These models try to explain the fluid dynamics behavior elucidating
the particles movement in the system, trying to understand the emissions of pollutant
gases objecting optimize CFB performances. The phases in this model are modeled
using continuum mechanics principles where collection of particles is considered
identical having a representative diameter and density. The solid phase momentum
equation is modified by addiction of one term to account momentum exchange due to
particle-particle collisions, this term including the kinetic theory model.®) The granular
temperature, O, is defined to represent the specific kinetic energy of velocity fluctuations
or the translational fluctuation energy resulting from the particle velocity fluctuations.® In
granular flow, particle velocity fluctuations about the mean are assumed to result in
collisions between particles being swept along together by the mean flow. The granular
particle temperature equation can be expressed in terms of production of fluctuations by
shear, dissipation by kinetic and collisional heat flow, dissipation due to inelastic
collisions, production due to fluid turbulence or due to collisions with molecules, and
dissipation due to interaction with the fluid.® Many studies have shown the capability of
the kinetic theory for modeling fluidized beds e.g. works of (Ding and Gidaspow, 1990),
“Pain et al. (2001)".%® Despite of the development of models to simulate fluidized beds
have been achieved maturity, the results validation with experimental measurements
must be done, mainly because some correlations used in the models are empirical or
semi-empirical. This work considers a transient 3D model fluidized bed, where three
phases are considered gas and two solid phases: one sand that is initial material in the
bed and other coal. The fluid dynamics considering the motion three phases in a semi-
industrial fluidized bed reactor is analyzed.

2 MATHEMATICAL MODEL
2.1 Transport Equation

The present model consists of describing the phenomena that happens inner of a semi-
industrial fluidized bed reactor as a system of three phases that interact between it
transferring mass, momentum and energy. The mathematical formulation follows
hypothesis of the continuous media and as such can be formulated through transport
equations. The phenomena of mass, momentum and energy exchange inner a fluidized
bed reactor are represented by the general transport equation (equation 1). Where the
index i represent the considered phase. The effective diffusion coefficient (T',) assumes

different meanings and models in agreements of equation to be solved, for example if
the momentum equation is the equation to be solved the effective diffusion coefficient
assumes the dynamic viscosity. The source term (S,) represents generation or

consumption of mass, momentum and energy. In the source term are considered for
example the phenomena of interaction among phases, mechanics interactions resulting



in the coupling between the equations of conservation of mass, momentum and energy.
The models of momentum and energy were obtained of literature and are detailed in
another works for different studies.®
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The equation to consider the fluctuations energy of solid particles was introduced in the
model and can be described by equation 2.*
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Where, (©®, ) is the granular temperature, (l) is the admensional stress tensor, (7,) is the
stress tensor, psis the solid pressure, (7, ) is the collision energy dissipation.

2.2 Computational Simulation

The simulation of fluidized bed consists to solve the governing equations of mass,
momentum and energy in a semi-industrial fluidized bed reactor. The kinetic theory of
granular flow is used to consider the conservation of solid fluctuation energy; it was used
to closure of the solid stress terms.” The momentum exchange coefficients can be
calculated by specifying drag functions. In this study the drag function used is the
equation modified by Richardson and Zaki, which was modified to know the neighbors
particles.”) The drag function and drag coefficient are showed in the equations 3 and 4
respectively.
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The terms a, b, ¢c and d in the drag coefficient equation are functions of shape factor of
solid (¢)."” To the set of differential equations represented by equation 1 must be
imposed initial and boundaries conditions that represents the process to be simulated.
The simulation parameters are in Table 1.



Table1. Fluidized bed reactor simulation parameters.

Description Value Comment
Particle density, p, 2600 kg/m® | sand

Gas density, p, 1.225kg/m® | Air

Particle diameter, d, 2.5mm Uniform distribution
Restitution coeficient, e 0.90 Literature value
Initial fraction on the bed, ¢, | 0.60 Fixed value
Gas superficial velocity, U 0.1m/s 1.2*U,,
Pressure of entry 1atm Fixed value
Bed heigth 0.30m Fixed value
Entry condition Velocity Gas velocity
Out conditions Flow Developed
Time steps 1s Especified
Convergency criterion 10° Especified

The energy sources that are results of chemical reactions, phase transformations and
sensitive heat exchange due mass exchange, the energy source due convective heat is
calculated by equation 5 and the heat exchange coefficient is calculated by Ranz
Marshall equation 6.
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Chemical models - To simulate the evolution of chemical composition of injected coal,
several chemical reactions were considered, which are summarized together with their
kinetic models in Tables 2 to 6. For reaction kinetic models from literature were used.
Carbon oxidation was assumed to occur in two ways. In the first one, the oxidation is
partial, with generation of CO. In a second stage, CO is fully oxidized to CO,. The
solution loss and water gas shift reactions were considered as taking place at
temperatures around 900°C.



Table 2 — Combustion reactions of carbon
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Table 3 — Kinetics model for Solution Loss reaction
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Table 4 — Kinetics model for Water Gas Reaction
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Table 5 — Kinetics model for Water Shift reaction
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Table 6 - Kinetics model for volatile combustion
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3 Results and Discussion

This section presents some previous results of combustion model reactions obtained
with the developed fluidized combustor model. The results are obtained after the
preheating of reactor until initial bed particles reaching 450° C, in this moment the coal
feeding starts and the combustion system is activated. The Figure 1 shows schematic
reactor figure representing the geometry. Figure 2 shows the mesh obtained by
discretization of PDE’s equation using the finite volume method. Figure 3 shows the
behavior of coal in the bed, where can be sight the accumulation in the bottom. This fact
represents a solid hold-up meaning that particles not burned yet are deposited in some
regions of fluidized bed. Figure 4 shows the concentration of oxygen into the fluidized
bed that concentrate more in the bottom of reactor because the gas enters by the
bottom, in superior parts of reactor the concentration decreases because part is
consumed by coal combustion process. Figure 5 shows the concentration of CO in the
inferior corner where coal is accumulated in other parts the concentration is distributed
into the reactor. Figure 6 shows the CO, concentration into the bed this is minor in the
region where coal is accumulated, because the partial combustion of carbon presents in
the model reaction rate larger than total combustion. Figure 7 shows the concentration
of gases curves into the reactor against the time this graph shows the variation of gases
with combustion time. The concentration of O, decreases with time because this gas is
consumed by reactions; on the other hand the gases that are products of reactions like
CO, COz and Hx0 increase their concentrations with time evolution.
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Figure 1. Schematic figure of fluidized bed reactor.
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Figure 2. Mesh generated by volume finite method.
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Figure 3. Solids hold up in fluidized bed. Figure 4. Concentration of O, in the bed.
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Figure 5. Concentration of CO in the bed Figure 6. Concentration of CO; in the bed.
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Figure 7. Gases concentration curves in the reactor.
4 CONCLUSIONS

A mathematical model for simulating pulverized coal combustion in fluidized bed reactor
has been developed. The model is based on a three phase multi-component system
which interacts with one another exchanging momentum, mass and energy. As
presented results showed the developed model showed compatibles results with
literature. The fluid dynamic behavior and reaction kinetics are in good agreement with
previous results consulting to development the model, although some adjusts needs to
be done for better results and model accuracy and efficiency. The needs adjusts to be
done for representing better the fluidized bed phenomena mainly in the reactions rate
where the presented results not representing the real behavior of gases in the system
yet. These results are preliminaries and as kinetic models were take out literature they
needs adjust to represent better the combustion gases behavior.
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